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External K™ relieves the block but not the gating shift
caused by Zn”" in human Kv1.5 potassium channels
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We used the whole-cell recording technique to examine the effect of extracellular Zn** on
macroscopic currents due to Kv1.5 channels expressed in the human embryonic kidney cell line

Fits of a Boltzmann function to tail current amplitudes showed that 1 mm Zn** shifted the
half-activation voltage from —10.2 4+ 0.4 to 21.1 + 0.7 mV and the slope factor increased from
6.8+ 0.4 to 9.4 + 0.7 mV. The maximum conductance in 1 mM Zn*" and with 3.5 mM K was

In physiological saline the apparent K, for the Zn** block was 650 + 24 uM and was voltage
independent. A Hill coefficient of 1.0 £ 0.03 implied that block is mediated by the occupation

Increasing the external concentration of K* ([K*],) inhibited the block by Zn**. Estimates of
the apparent Kj, of the 7Zn*" block in 0, 5 and 135 mM K were 69, 650 and 2100 UM,
respectively. External Cs* relieved the Zn*" block but was less effective than K*. Changing

A model of allosteric inhibition fitted to the relationship between the block by Zn** and the
block relief by external K* gave K, estimates of ~70 M for Zn** and ~500 un for K.

1.
HEK293.
2.
33 + 7% of the control value.
3.
of a single binding site.
4.
[K*], did not affect the Zn**-induced gating shift.
5.
6.

We propose that the gating shift and the block caused by Zn** are mediated by two distinct
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sites and that the blocking site is located in the external mouth of the pore.

Changing the extracellular concentration of divalent
cations can have dramatic effects on the behaviour of
electrically excitable membranes as illustrated by the
lowering or raising of the threshold for cell firing caused by
hypo- or hypercalcaemia, respectively (Frankenhaeuser &
Hodgkin, 1957). Voltage-clamp analyses have shown that
the divalent cation-induced change of excitability can be
linked to a shift of the voltage dependence of channel
gating. For example, an elevation of the external
concentration of Ca”* ([Ca*"])) produces a depolarizing shift
of the midpoint (V) of the activation curves of both
voltage-gated Na™ and K* channels of the squid giant axon
(Hille et al. 1975; Hahin & Campbell, 1983). Decreasing

[Ca™], produces the converse effect.

This Ca**-induced shift of V, /2, Which is also known as the
gating shift, has been attributed at least in part to charge
screening, a process in which negative surface charges on
or near the ion channel are partially neutralized so that
the electric field sensed by the channel is altered. Zn**
and Cd** can cause a gating shift at concentrations as
much as two orders of magnitude lower than those
required with Ca**. This higher potency of Zn** and Cd**
cannot be accounted for solely by simple surface charge

screening which predicts that all divalent ion species
would equally shift V;, and therefore it has been
proposed that selective binding also occurs.

Zn** and Cd** can also cause channel block but the
blocking potency varies between channel types. For
example, whereas cardiac voltage-gated Na* channels are
blocked by micromolar concentrations of Cd** or Zn**,
millimolar levels are needed to block voltage-gated Na*
channels of skeletal muscle and brain (Backx et al. 1992).
Likewise, voltage-gated K* (Kv) channels show
considerable variability in their sensitivity to Zn*" or
Cd** block. In the squid giant axon 40 mM Zn** caused
approximately a 20% reduction of the steady-state K*
current (Gilly & Armstrong, 1982; Spires & Begenisich,
1992). In myelinated fibres of Xenopus, 3.4 mm Zn**
decreased the K* permeability by ~10% (Arhem, 1980)
while 0.1 muM Zn** reduced the maximum K* conductance
of frog skeletal muscle by ~60% (Stanfield, 1975). More
recent work with cloned Kv channels has shown that
Kv1.2 and Kv2.1 channels are relatively insensitive to
7m** block (De Biasi et al. 1993; Poling et al. 1996) whereas
500 uM Zn** causes a ~70 % inhibition of Kv3.1 currents
(Poling et al. 1996).
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We have studied the effect of Zn** on the ionic currents
carried by Kv1.5 channels expressed in HEK293 cells.
Kv1.5 channels underlie the ultrarapid delayed rectifier
current of cardiac and smooth muscle (Fedida et al. 1993;
Overturf et al. 1994). Aside from confirming the gate-
shifting effect of external Zn**, we have found that Zn**
also causes a concentration-dependent and voltage-
independent block. We propose that the blocking action,
which is relieved in a concentration-dependent manner
by external K*, arises from the binding of 7Zn** in the
external mouth of the Kv1.5 channel pore.

METHODS
Cell preparation

Kv1.5 channels were studied in a human embryonic kidney cell line
(HEK293) as we have reported previously (Wang et al. 2000). Cells
were passaged by using trypsin—EDTA and were maintained in
minimum essential medium (MEM), 10% fetal bovine serum,
penicillin—streptomycin and 0.5 mg ml™ geneticin at 37°C in 5%
(0, in air. All tissue culture supplies were obtained from Canadian

Life Technologies (Burlington, ON, Canada).

Signal recording and analysis

Glass coverslips to which the cells had adhered were removed from
the incubator prior to an experiment and placed in a saline-filled
recording chamber mounted on the stage of an inverted phase
contrast microscope. Test solutions were applied by switching the
solution inflow to the chamber. Whole-cell voltage-clamp recording
and data analysis were performed using an Axopatch 200A amplifier
and pCLAMP 6 software (Axon Instruments, Foster City, CA, USA).
The reference electrode consisted of a Ag—AgCl pellet placed directly
in the bath or connected indirectly via a 150 my NaCl-containing
agar bridge. Patch electrodes fabricated from thin-walled borosilicate
glass (World Precision Instruments, FL, USA) had a resistance, after
fire-polishing, of 1-3 MQ. Capacitance compensation and series
resistance compensation (70—80 %) were used. Data were filtered at
3-10 kHz (=3 dB) and sampled at 5-6 times the —3 dB frequency.
Voltages are expressed without any compensation for liquid junction
potentials (<5 mV). The holding potential was —80 mV and the
stimulus frequency was 0.1 Hz. Results are expressed as the
mean =+ standard error of the mean.

To quantify the blocking effect of Zn™", tail currents recorded at —50
or —40 mV were measured 300-600 us after the voltage step and
normalized with respect to the maximum control tail current.
Normalized tail currents were then plotted against the pre-pulse
voltage and fitted to a single Boltzmann function:

Y= gmax,Zn/gmax )
L+ exp[(Vip = V)/sl

where Y is the normalized tail current, gy, z./guma is the ratio of the
maximum conductance in Zn** to that in control medium, or equally
the proportion of g, Vi is the half-activation potential or mid-
point of the activation curve, V is the voltage during the pre-pulse
and s is the slope factor, which reflects the steepness of the voltage
dependence. This same approach in which block is assessed from
activation curves has been used by others to quantify the block by
divalent cations (e.g. Favre et al. 1995) and has the advantage of

(1)

avoiding  complications due to the gating  shift.
Concentration—response data were fitted to the Hill equation:
1
Y= - (2)

1+ (K /70"
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where Yis the proportion of ¢,.., K is the dissociation constant and
H is the Hill coefficient, which reflects the number of binding sites.

Models of competitive and allosteric (non-competitive)
inhibition

If Zn** and K* compete for binding at the same site, then the
relationship between the proportion of g, (Guaxzn/gmay) a0d [Zn**]is:

1 1
max,Zn / Gmax = 3 = S 3
[ i /g 1 . [Zn_+] [an+] ( )
[K+]o K/Zn
K|l +——
Ky
where K';,, the apparent dissociation constant, is defined as:
Kumifi+ [K*), “
Zn — 43 7n| KK )

where K, is the dissociation constant for Zn*" in 0 my K and K is
the dissociation constant for the binding of K*. With allosteric (non-
competitive) inhibition it is assumed that the binding sites for Zn"*
and K" are separate and that there is a reciprocal negative
interaction between the binding sites. The scheme for allosteric
inhibition is:

KZn
R+K+Zn=RZn+K

=y [l

RK + Zn = RZnK
aKZn

where R represents the channel and « is the factor by which the
binding of K* or Zn** increases K, and Ky, respectively (ie. K
binding decreases the affinity of Zn** at its binding site and vice
versa). From algebraic expressions for the binding reactions it can be
shown that the relationship between the proportion of g, and [Zn**]
is:

1 1
max,Zn / Ymax = = 5 s 5
g X, Zi /9 1 + [Zn2+] [an+] ( )
( [K*], K"y,
1+
Ky
m " s s\
K™,/ Kk
(1 + [K™],/ Kk
a

where K, the apparent equilibrium dissociation constant for Zn*",
is:

[K*],
Ky

K*,/K
i +[ 1/ Kx
a

1+

K7, =Ky, . (6)

This model makes no explicit assumptions about the kinetics or state
dependence of binding at either site and the outcome is the same if
the binding scheme is made non-cyclical by precluding one of the
binding/unbinding reactions, e.g. by the constraint that K*
association or dissociation occurs only if the Zn™" site is not occupied.

Recording solutions

The standard bath solution contained (mm): 135 NaCl, 5 KCI, 10
Hepes, 2 CaCl,, 1 MgCl, and 10 glucose. The pH was adjusted to 7.4
with NaOH. Where its effects on the block by Zn** were examined,
the K* concentration was increased by equimolar exchange of KCI
for NaCl or vice versa in the case of the K¥-free bath solution. Na*-
and K*- free bath solution was prepared by substituting N-methyl-
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p-glucamine (NMDG*) for NaCl and KCI and by titrating to pH 7.4
with HCI. For the 3.5 mM Cs*-containing solutions, CsCl replaced
KCI; for higher Cs* concentrations CsCl replaced KCI and was then
substituted as needed for NaCl. The patch pipette solution typically
contained 135 KCI, 5 EGTA, 10 Hepes, 1 MgCl,, 4 Na,ATP and 0.1
GTP at a pH of 7.2. All chemicals were obtained from Sigma Aldrich
Chemical Co. (Mississauga, ON, Canada).

7n**-containing solutions were prepared by the addition, without
osmotic compensation, of ZnCl, from a 1.0 or 0.1 M acidified stock
solution. The pH of test solutions was not altered by the addition of
7nCly. Zn** reacts with hydroxyl ions to form Zn(OH),, a sparingly
soluble salt. The solubility product (Kgsp) for the reaction is
approximately 4.5 x 107" (Latimer, 1952) but the salt or electrolyte
effect (Morris, 1974) causes the apparent Kgp to increase as the ionic
strength of the solution is increased. If the salt effect is ignored, then
at pH 7.4 (OH] = 107" the maximum achievable concentration of
7n** would be roughly 0.7 mum (4.5 x 1077 = [Zn*"JOHT). With the
ionic strength of our solutions the solubility limit of Zn** was near
5 mM and this was the highest concentration used. To test the actions
of 1 mym Cd*, CdCl, was added directly from a 1 M stock solution to
K*-free bath solution; for 5 mm Cd**, CdCl, was substituted on an
isosmotic basis for NaCl in the K*-free bath solution. Solubility is
much less of a problem with Cd** since the Kgp for Cd(OH), is
~5.3%x 107", Although Cd™, unlike Zn**, binds to Hepes, at the
concentration used in the external solution less than 10% is bound
(Cherny & DeCoursey, 1999) and we made no correction for this
binding.

RESULTS

Effects of Zn* on Kv1.5 gating and conductance

Figure 1 illustrates the effects of 1 mm Zn** on Kv1.5
currents. Shown superimposed in Fig. 14 are typical
control currents evoked in standard bath solution from a
holding potential of —80 mV. The voltage protocol
consisted of a series of 100 ms depolarizing pre-pulses
going from —60 to 80 mV in 10 mV increments. Each
depolarizing pulse was immediately followed by a step to
—40 mV for 50 ms to record the tail current. After
switching to the Zn**-containing medium (Fig. 1B), the
pulse currents showed a prominent slowing of the
activation kinetics and there was also a modest
acceleration of the deactivation kinetics. This is shown in
Fig. 10 where the control and treated responses evoked at
50 mV are shown superimposed before (upper traces) and
after normalization (lower traces). In seven cells, the
deactivation time constant, estimated by single
exponential fits to the tail current recorded at —40 mV,
decreased from 10.7 + 1.4 to 6.9 4+ 0.7 ms. Details of the
Zn**-induced changes of the activation kinetics are given
below (Fig. 3). The effects of Zn"* on the activation and
deactivation Kkinetics are provisionally attributed to the
gate-shifting effect of Zn**, as described by others (Gilly
& Armstrong, 1982). This paper focuses on the reduction
of the amplitudes of pulse and tail currents evident in
Fig. 1B, which is referred to as current block. Complete
reversal of all of the effects of Zn"" was observed after
returning to Zn"*-free medium (not shown).

Comparison of the control and treated activation curves
(Fig. 1D), derived as described in Methods, shows that in
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I mM Zn*" the Vi/e shifted from —10.2+ 0.4 to 21.1 £
0.7 mV and sincreased from 6.8 + 0.4 t0 9.4 + 0.7 mV in
control and treated responses, respectively. With the
100 ms pulses used, currents at voltages near the foot of
the activation curve did not reach steady state and,
consequently, the value for sis slightly underestimated,
more so in the presence of Zn**. With 1 mmM Zn*" the
proportion of g,.. was 0.33 £ 0.07. Evidence is presented
below (Fig. 4) to show that the gating shift occurs
independently of the reduction of g,,..

Concentration and voltage dependence of the Zn®**
block

We next examined the concentration dependence of the
actions of Zn*' using the same voltage-clamp protocol
outlined for Fig. 1. Isochronal tail current measurements
normalized with respect to the control responses (Fig. 24)
or to the fitted maximum (Fig. 2B) are from a
representative cell exposed to 0, 50, 200, 1000 and
5000 M Zn**. Tt illustrates that block as well as the
gating shift, reflected as a shift of V,, and an increase of
s, are concentration dependent. In Fig. 2C the
concentration dependence of the block measured in
identical experiments with 15 cells has been fitted to the
Hill equation. The Zn** concentration producing half-
maximal block, represented by the Kj value, was
estimated by a least-squares fitting routine to be
650 + 24 uM. The best fit of 1.0 £ 0.03 for H suggests
that the occupation of a single binding site accounts for
the block by Zn**. The concentration dependence of the
gating shift is considered below (Fig. 4 B).

One possible explanation for the reduction of g, is a
block of the open pore by Zn**, and if the blocking site is
significantly within the electric field of the membrane,
then the reduction of ¢, would be expected to show
voltage dependence. Membrane voltage can atfect open
channel block both indirectly, by affecting the open
probability (P,), and directly, by affecting the on and off
rate constants of the binding reaction. Our approach to
determining the voltage dependence of the Zn** block
was to take the ratio of the steady-state pulse currents
evoked at potentials between 50 and 100 mV in control
and 1 mM Zn2+—containing solutions (I,,/l.). We
reasoned that in this voltage range the P, was maximal
and that any change of I, /I, would reflect the effect of
voltage on the blocking reaction. Figure 2D, which shows
the outcome of five such experiments, is consistent with
Zn** block having little or no voltage dependence.

Increasing [K*], relieves the Zn”" block

From the voltage independence of the block we inferred
that if the binding site for Zn** was in the pore then it
must lie in the external pore mouth. As such, the block
might be expected to be affected by permeant ions such as
occurs, for example, with the relief by external Na* of the
tetrodotoxin (TTX) block of voltage-gated Na™ channels
(Moczydlowski et al. 1984). Illustrated in Fig. 3 is the
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outcome of representative experiments in three different
cells in which K* was replaced by or substituted for Na*
in standard bath solution to examine the effect of 0, 5 and
135 mm K¥ on the block by 1 mum Zn**. The top row of
each column shows the control responses. A K*
equilibrium potential (£x) near 0 mV accounts for the fact
that some of the pulse currents and all of the tail currents
(at =50 mV)in 135 mm K* are inward. The middle row of
Fig. 3 shows the responses recorded in Zn**. In nominally
0 mM K* and with 1 mm Zn**, the pulse and tail current
amplitude were less than 5% of those in control solution.
In 5 mm K7 there was substantially less block and still
more block relief is evident in 135 mM K*. The absence of
inward pulse currents in 135 mm K™ is attributed to the
gating shift since the Ex was not affected by Zn"* (data
not shown). Tail currents in 0 mm K were very small and

A

2nA

50 ms

2nA

20 ms

50 ms
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because fitting to a Boltzmann function gave large
standard errors the reduction of ¢, was taken as the
ratio of the control and treated tail currents following a
100 ms pulse to 60 mV. Fits to a Boltzmann function of
the tail currents in 5 and 135 mm K7, (bottom row of
Fig. 3) confirmed that K relieved the Zn"* block and also
suggested that the gate-shifting effect of Zn** was
unaltered (see figure legend for the values of V;,, and s,
and the proportion of gy..).

It also appears by inspection of the current traces of Fig. 3
that increasing K% partially reverses the Zn**-induced
slowing of the activation kinetics. To obtain an estimate of
the rate of activation, a single exponential function was
fitted to the latter phase of the activation process
beginning at approximately 10 % of the maximal current
and ending at the maximal current. Currents evoked at

B
-

D

1.0
<
S 0.8
5
S 061
®
2 04
< 0.2
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0.0
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Figure 1. Zn™" effects on the Kv1.5 activation curve and activation—deactivation kinetics

Tn addition to a gate-shifting effect, 1 mM external Zn*" causes a reversible reduction of Kv1.5 currents.
Shown in 4 and B are the control and treated current traces, respectively, taken from the same cell. Pulse
currents were evoked by a series of 100 ms step commands from —60 to 80 mV in 10 mV increments.
Immediately following each pulse command the voltage was stepped to —40 mV for 50 ms to record the
tail current. For this and all other figures the holding potential was —80 mV. Zn** reduced both pulse and
tail currents. Zn"*-induced slowing of the activation time course and acceleration of the deactivation
kinetics are shown in C where the responses at 50 mV in 4 and B have been superimposed (upper trace).
Tn the lower trace the pulse and tail currents in Zn** have been normalized. The activation time course
which was fitted to a single exponential, which is overlaid on the current response, had a time constant

that increased from 1.76 ms in the control medium to 16.9 ms in Zn

* The time constant of the

exponential fitted to the tail current at —40 mV decreased from 15.1 ms in control to 9.1 ms in Zn**. All

of these effects were completely reversible. Shown in D is the activation curve obtained by plotting the
peak of the tail current, normalized with respect to the control responses, against the pulse voltage. The
continuous line represents the best fit to a single Boltzmann function of the control (Q), treated (@) and
recovery (A) data obtained from 10 cells. Fitted values for the half-activation voltage (V,,,) and the slope
factor (s) were, respectively, —10.2 and 6.8 mV (0), 21.1 and 9.4 mV (@) and —12.1 and 7.7 mV (A). In
1 mM Zn®" and with 3.5 myM K*, the maximum conductance ( Grmaxzn) Was 0.33 £ 0.07 of the control

03

maximum conductance (G.)-
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50 mV were studied to minimize changes of the activation
kinetics due to the gating shift. With 0 mm K7 the control
time constant (7)) was 1.4 + 0.1 ms and the ratio of the
time constants in 1 mM Zn*" and control medium (74, /7c.)
was 14.9 4+ 0.6 (n = 6). With 5 mM K7 7., was 1.6 + 0.1 ms
and 7y, /Te was 10.6 + 0.4 (n="7); in 135 mM K, 7, was
1.5+ 0.1 ms and 74, /7¢, decreased to 7.6 £ 1.6 (n=5).
This confirms that increasing [K*], partially reverses the
action of Zn"" to slow activation kinetics.

To better characterize the effect of [K*], on the blocking
and gate-shifting effects of Zn**, we extended the
approach described for Fig. 3 over a range of Zn**
concentrations (10-5000 M) and in K7, concentrations of
0 (nominal), 5 or 135 mM. As for Fig. 3, normalized peak
tail current versus V curves were fitted to a Boltzmann
function. The proportion of g,.., representing the block
by Zn**, and the shift of V,,, representing the gating
shift, were plotted against the Zn®" concentration in

A
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5
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Fig. 44 and B, respectively. Figure 44 shows that
increasing [K "], caused a roughly parallel, rightward shift
of the concentration—response curve with the rightward
shift caused by changing from 0 to 5 mMm K* being much
larger than that when going from 5 to 135 mM K* (and see
below). Fits of the Hill equation to the concentration
dependence of the Zn"* block in 0 (filled squares), 5 mu
(filled circles) and 135 mM (filled triangles) K* gave
estimates for the K, of 69, 650 and 2100 uM, respectively.
Changing [K*], did not significantly affect the value of H
(not shown).

Except when the external and internal solutions are
nominally K* free (Wang et al. 2000), Kv1.5 channels
have a very low Na* permeability. Consequently, if block
relief is related to ionic permeability, then Na™ would be
expected to have little or no block-relieving effect. To
directly address this issue we assessed the Zn"* block in
external saline containing only NMDG' as the

1.0
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0.6

0.4

Normalized tail current

0.2

00 Sy,
60 40 -20 0O 20 40 60 80
Membrane potential (mV)

1.04

0.8

0.6

Iznllctn

04| O—O@—O0—0—¢—¢
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0.0

50 60 70 80 90 100
Membrane potential (mV)

Figure 2. The Zn**-induced block and the shift of V; 2 are concentration dependent

A, activation curves, derived as for Fig. 1D, showing the effect of 0 (O), 50 (A), 200 (A), 1000 (@) and
5000 pM (m) of 7n*" in standard bath solution containing 5 mM K*. B, the activation curves in 4 after
normalizing each curve to its fitted maximum. From left to right the V,,, was —11.9, —0.1, 10.1, 22.2 and
31.4mV and swas 4.2, 5.6, 6.2, 8.1 and 7.7 mV. (, a fit of the Hill equation to the proportion of g, in
the 50, 200, 1000 and 5000 #M of Zn** in medium containing 5 my of K* gave estimates of 650 + 24 um
and 1.0 £ 0.03 for the equilibrium dissociation constant (Kp) and the Hill coefticient (H ), respectively. The
number in parentheses beside each data point indicates the number of cells tested. D, in 5 cells the steady-
state current at the end of 100 ms pulse commands was normalized with respect to the corresponding
control current amplitude and plotted against the pulse voltage. The current ratio (1,/Ic,) is virtually the
same at each voltage and indicates that the Zn*" binding site does not sense the membrane electric field.
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monovalent cation species. The best fit to the
concentration—response data obtained in this 135 mM
NMDG™ saline (inverted open triangle and dashed line of
Fig. 44) gave a Kj, of 56 uM and a value of 1.07 for H.
Because there is little difference between results obtained
with either 135 mM Na? or 135 mm NMDGT, it appears
that Na* does not inhibit Zn** binding. Consequently, the
effect of changing the Na*:K* ratio on the Zn"* block is

due to the change of K*,

On the basis of the limited data presented in Fig. 3 it was
suggested that changing [K™], had no effect on the gate-
shifting effect of Zn*. This is confirmed in the graph of
Fig. 4B where the curves relating the change of V.
against the concentration of Zn** for 0 (filled squares),
5 mM (filled circles) and 135 mM (filled triangles) K* are
nearly superimposed. The shift of V,, in 0 mm K*
(135 mM Na*) is limited to points at 10, 50 and 200 uM
since the tail currents at higher concentrations were too

[K*], =5 mm

J. Physiol. 532.2

small to be unambiguously analysed. The concentration
of Zn** producing a half-maximal shift of V;, was, on
average, 140 uM (see figure legend for fitted values).

Higher concentrations of Cd** mimic the effects of
Zn2+

Cd*™* often replicates the effects of Zn®* with either
greater or lesser efficacy. To compare its efficacy for the
block of Kv1.5, Cd*" was tested at 1 and 5 mM in 140 mM
Na* (0 mum K7) saline. In 1 my Cd** the proportion of g,
was 0.59+0.01 (n=5) and in 5mm Cd* it was
0.13 £0.019 (n=16). V), shifted by 18.9 + 0.8 and
2424+ 1.5mV in 1 and 5 mum Cd**, respectively, and s
changed from 5.8 + 0.4t07.7 + 0.3 mV in 1 mMand from
52406 to 6.9+ 0.3mV in 5 mu Cd**. By comparison,
with 1 my Zn™*, in 0 mm K7? the proportion of g,.. was
0.08 + 0.01 (n =9); an accurate measurement of V,, and
s was not possible.

[K*], = 135 mm

[K*]p, =0 mm
< <
< c
< + & <

50 ms

J—__,_

2nA

1.0
0.8
0.6
0.4
0.2

0.0 0
-60-40-20 0 20 40 60 80
Membrane potential (mV)

Relative tail current
Relative tail current

-60-40-20 0 20 40 60 80
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Relative tail current

-60-40-20 0 20 40 60 80
Membrane potential (mV)

Figure 3. Increasing [K*], reduces the blocking effect of Zn**

Rach column, representing a different cell, shows the control currents (top row), the currents in 1 mm Zn**
(middle row) and, except for Zn** in 0 mm K*, the corresponding activation curves (bottom row) showing
the control curve (O) and the Zn** data normalized with respect to the control g, (@) or to the fitted
Gmaxzn (H). The proportion of g, with 1 mmM Zn*" in 0, 5 and 135 my K was 0.03, 0.35 and 0.64,
respectively. In 5 my K¥ Vi, shifted by 30 mV and s increased from 6.9 to 8.7 mV; in 135 mm K* Vi
shifted by 33 mV and s increased from 6.6 to 9.5 mV. The similarity of the shifts of the V, in 5 and
135 muM K? suggest that increasing [K*], does not alter the gate-shifting action of Zn**. Note also that
increasing [K*], partly reverses the effect of Zn** to slow the rate of current activation.
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Relief of the Zn”" block by K is modelled by
allosteric inhibition

Having obtained evidence for a relief by K7 of the block
by Zn** we next addressed the question of the nature of
this interaction between Zn** and K*. With competitive
inhibition (see Methods) increasing the [K*], would cause
a (non-saturating) parallel rightward shift of the
concentration—response curve. In 0 mm K7, the fitted
value for Ky, is 69 uM and in 5 mm K7 the Ky, is 650 uM
(Fig. 44). With the latter values for K, and K, the Ky
is calculated using eqn (4) to be 600 gM. If there is a
competitive interaction between Zn** and K* then using
a value of 69 uM for K, and 600 uM for K, the predicted
value for K7, in 135 mM K* is ~16 mM. However, the best
fit of the data in 135 mm K7 in Fig. 44 to the Hill
equation gives a value for K’ of 2.1 mM, nearly an order
of magnitude smaller. In short, a simple competitive
interaction between K* and Zn*" predicts a shift of the
concentration—response curve with 135 mM K7, that is
much larger than that actually obtained (cf. Fig. 5B).

With allosteric (non-competitive) inhibition, raising [K*],
will, as with the model of competitive inhibition, cause a
parallel rightward shift of the concentration—response
curve. However, the two models diverge as [K*],/Kx
increases. Thus, in contrast to competitive antagonism
where the rightward shift increases in proportion to
[K*],/Kx, with allosteric inhibition the effect of K*
saturates when [K*], > Ky and K", = a Ky, (eqn (6)).

We tested the applicability of the two forms of inhibition
to the block-relieving effect of K¥ in two ways. First, the
relationship between [K*], and the block with 200 gM and
1 mM Zn** was examined. Data taken from Fig. 44 and
from other experiments using additional concentrations
of K7 are shown in Fig. 54. With 200 gM Zn** (filled
triangles, Fig. 54) the block was measured in 0, 1, 5, 20,
80 and 135 mM K¥. For 1 mum Zn™* (filled circles, Fig. 54)
[K*], was 0, 1, 3.5, 5, 10, 20, 80, 135 or 140 mMm.
Continuous lines representing the best fit of the data in
200 uM Zn** to the model for allosteric inhibition (eqn (5))
were obtained with values for Ky, K and a of 82 uM,
340 pM and 15, respectively; the corresponding best fit
values in 1 mM Zn** were comparable at 77 uM, 570 uM
and 25. A much poorer fit to the data was obtained when
a model of competitive inhibition was used (eqn (3) and

dashed lines of Fig. 54).

Included in Fig. 54 are the effects of external Cs* (open
squares) at 3.5, 20 and 135 mM, on the block by 1 mM Zn*t.
With 135 mum Cs? it was necessary to estimate the
reduction of ¢,,, by fitting the /—V relation for the pulse
currents, since the voltage at which tail currents were
normally measured (—50 or —40 mV) was close to the
reversal potential. Although Cs? much less effectively
inhibited the blocking action of Zn**, the concentration
dependence of the block relief was again much better fitted
by assuming allosteric inhibition. The best-fit values for
Ky, Ko, and a were 63 uM, 2900 uM and 38, respectively.

Zn** block of Kvl.5 channels 355

As a second test of the two models, in Fig. 55 the fit of the
concentration—response data of Fig. 44 for the Zn*" block
in 0 mM (filled squares), 5 mM (filled circles) and 135 mMm
(filled triangles) to the competitive inhibition model
(dashed lines) and the allosteric model (continuous lines) is
compared. The approach was, first, to obtain K, for both
models (69 uM) from the fit to the 0 mm K data. Next, Ky
for the competitive model (590 M) and the Ky and e for
the allosteric model (413 M and 31) were obtained from
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Figure 4. Increasing [K*], causes a rightward shift
of the concentration dependence of the Zn”* block
but does not affect the gating shift

A, the relationship between the block of Kv1.5,
represented by the proportion of g, and the Zn**
concentration obtained in O (M), 5 (@) and 135 mM (A)
K*. [K*], was decreased by replacement by Na* and
increased by substitution for Na* in the standard bath
medium. The continuous lines represent the best fit of’
the data to the Hill equation. The K, and H values
were 69 gM and 0.89 in 0 mM K¥, 650 #M and 1.0 in
5mM K*, and 2100 pM and 0.84 in 135 mMm K* With
K*- and Na*-free bath medium (135 mm NMDG*
solution) the best fit to the data (¥ and the dashed
line) was obtained with K;, = 56 uM and H = 1.07. The
similarity to the curve obtained in medium containing
135 mM Na™ (0 mum K7) implies that Na* has little or
no block-relieving effect. B, fits of the concentration
dependence of the shift of 'V, gave K, values of

130 £+ 10, 115 + 14 and 163 4+ 30 uM, respectively, in
0 (m), 5 (@) and 135 mm (A) K.
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the fits to the data in 5 mM K. Finally, using those fitted
values the expected response in 135 mM K7 was
calculated. The outcome supports the conclusion from
Fig. 54 that the data are better fitted by a model of
allosteric inhibition.

DISCUSSION

External Zn** has two major and separable effects on K*
currents through Kv1.5 channels expressed in HEK293
cells. One of these, the gating shift, is well known and has
been previously described for many types of voltage-
gated channels, including Kv1.5 channels (Harrison et al.
1993). Screening of fixed surface charges probably does
not account for the Zn**-induced gating shift. For
example, we have found in related studies that a 5 mm
concentration of Sr’", which has been proposed to act
solely by charge screening in cloned Kv channels (Elinder
et al. 1996), causes only a 4.2+ 0.3 mV (n=28)
depolarizing shift of the Kv1.5 activation curve. The
Sr¥*-induced shift of V, /2 is not correlated with either a
change of sor a reduction of g,,,. Since roughly the same
gating shift is produced by only 10 uM Zn**, which is
inconsistent with a charge screening model (see
Introduction), specific binding probably accounts for a
substantial proportion of the Zn**-induced gating shift. A
simple explanation is that the binding of Zn** to an
unidentified site on the channel surface changes the bias
on the voltage sensor such that the closed state is
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stabilized and larger depolarizations are needed to
promote channel opening.

The main focus of this paper is on the action of Zn** in
causing a concentration-dependent reduction of g,,,, an
effect which we also refer to as block. Zn** block could be
explained by a physical occlusion of the pore (occlusion
block), a decrease of the number of channels available to
open, a decrease of the channel open probability (P) or a
decrease of the single channel conductance due to an
induced change of the pore conformation. In voltage-
gated Na' channels, probably the best studied example of
Zn** block, the decline of macroscopic currents has been
traced at the single channel level to a fast, voltage-
dependent block largely attributed to occlusion of the
pore. In the most sensitive Na* channel isoform, that in
cardiac myocytes, the Zn** binding site has a Kj, of 67 uM
at 0 mV and is located at an electrical distance (d) of
~0.25 from the outside (Ravindran et al. 1991). Without
single channel data we cannot be certain of the basis for
the block by Zn*" of Kv1.5 currents but several of its
features constrain the choice of possible models. As with
Zn"* block of the delayed rectifier current of the squid
giant axon (Gilly & Armstrong, 1982), of Kv2.1 I369H
channels (De Biasi et al. 1993) and of inwardly rectifying
K* channels (Coulter et al. 1995), the block of Kv1.5 by
Zn** is voltage independent. This, together with a Hill
coefficient near 1 for the concentration dependence of the
block, implies that there is a single Zn*" binding site in the

Proportion of g 1.«

0.0- T T 7 7 a
0.1 1 10 100 1000
Zn?* concentration (mM)

0.01

Figure 5. The block-relieving effect of K7, is better fitted by a model of allosteric inhibition

A, data showing the proportion of g, with 200 uM (A) or 1000 uM (@) Zn*tin 0, 1, 3.5, 5, 10, 20, 80, 135
or 140 my K¥, With 200 g Zn** the continuous line represents the solution to eqn (5) with K, = 82 uM,
Ky = 340 pv and o = 15; with 1000 u Zn** the corresponding values were 77 uM, 570 ud and 25. When
external Cs* was used (O) with 1000 pM Zn**, the best fit was obtained with K, = 63 pM, Koo = 2900 uM
and a = 38. Note the much poorer fit (dashed lines) of the data to a competitive inhibition model (eqn (3)).
B, a comparison of the fits of the concentration—response data of Fig. 44 to an allosteric or a competitive
inhibition model. With the allosteric inhibition model (continuous lines), a good fit, by eye, to the data
recorded in 135 mM K (A) is obtained by using the values fitted to the data recorded in 0 (M) and 5 mM (@)
K* (K, =69 uM, K =413 gM and a = 31). In contrast, with the same approach (K, =69 uM and
Kx = 590 puM) the competitive inhibition model (dashed lines) substantially overestimates the shift of the

curve in 135 mm K.
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outer vestibule of the pore or elsewhere on the channel
surface. The Zn"* block is also inhibited by extracellular
K*, as is the case with the Zn"" block in Kv2.1 I369H
(De Biasi et al. 1993). This might reflect an interaction
between Zn*" and K* via separate binding sites either on
the channel surface or in the outer pore mouth.

If the binding site mediating the block relief by K is in
the pore mouth then outward-going K™ might populate
that site, as is the case with the C-type inactivation site
near the outer mouth of the Shaker pore (Baukrowitz &
Yellen, 1995). However, it appears that K* efflux has no,
or at most a minor, effect on the Zn*" block in Kv1.5 since
there is significant block relief when changing from 0 to
1 mm K. A possible explanation for the lack of a block-
relieving effect of internal permeating ions is a rapid
equilibration between the bath solution and the external
binding site such that the occupancy of the site is solely a
function of [K™],. Interestingly, our estimates of ~0.5 mm
for the K of the K binding site mediating the block
relief is very near that of 0.75 mM estimated by Harris et
al. (1998) for the external lock-in site in Shaker B
channels. Additionally, both the block-relief site and the
external lock-in site exhibit a low affinity for Na*.

Cs? also has a block-relieving effect although it is 5- to
6-fold less effective than K*, as estimated from the Kj,
obtained from the fit of the concentration—response data
to the allosteric inhibition model (Fig. 54). The actions of
other ions on the Zn** block have not yet been examined
but this relatively weaker block-relieving effect of
external Cs*, together with the apparent lack of block
relief by Na?, indicates that the ‘efficacy sequence’ for
block relief of K* > Cs* >> Na* parallels the selectivity
sequence for permeation.

An alternative to an occlusion block model is one in which
7Zn** binds on the channel surface and induces a
conformational change. For example, in batrachotoxin-
modified Na* channels, Schild et al. (1991) have proposed
that channel block reflects the induction by Zn** of a
state having ~12% of the conductance of the normal
open channel at —50 mV (Schild & Moczydlowski, 1991).
Although such a model can also account for the inhibition
by permeant ions of the channel block (Prod’hom et al.
1989), it is not readily applicable to the reduction of
Kv1.5 currents by Zn**. First, in 0 mm K¥ Zn*" can
virtually eliminate the current, which is contrary to a
non-zero plateau level in the concentration—response
relationship predicted by a subconductance state model
(Favre et al. 1995). Second, there is no evidence in single
channel recordings of a subconductance state in Kv1.5
channels (Fedida et al. 1993), which is a prerequisite of a
model involving an induced conformational change.

From the fits obtained for the data of Fig. 5 it seems more
likely that allosteric inhibition explains the effect of K7,
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and CsT on the Zn*" block. However, the basis for a, the
negative cooperativity factor, is uncertain. If Zn** blocks
by occlusion, then K* binding could affect Zn** binding
by inducing a change of the topology of the channel
mouth so that Zn** binding becomes less favourable. This
is analogous to the proposed effect of K on the block of
Kv2.1 channels by TEA* (Tkeda & Korn, 1995) except
that in that situation increasing [K*], enhances the block
of the external mouth of the pore by TEA®. A second
possibility is that bound K* acts by electrostatic repulsion
to decrease the affinity of the Zn** binding site by
increasing the off-rate and/or decreasing the on-rate. If a
purely electrostatic effect accounts for the inhibition by
K™ of the Zn** block then with the approach used by
Schild & Moczydlowski (1991), the change of the Ky, for
the Zn** site from 69 uM to 2.1 mM observed when going
from 0 to 135 mm K (Fig. 44) suggests that the distance
between the Zn®*- and the K*-binding site would be
roughly 3 A, less if binding partially neutralizes the
charges on the ions.

Aside from its effect on the Zn*" block, raising [K'],
partly reverses the effect of Zn*" in slowing the rate of
Kv1.5 current activation (Fig. 3), as has been reported in
studies of Kv2.1 I369H (De Biasi et al. 1993).
Surprisingly, the faster activation rate in the higher [K*],
is not associated with a leftward shift of the ¢V
relationship. This apparent separation of the effects on
the activation kinetics and the shift of V), is of interest
and requires further study. However, it is worth noting
that in Kv3.1, where current block is associated with a
slowing of the activation kinetics, Zn"* also causes no
significant shift of V,, (Poling et al. 1996).

Conclusion

The fact that the K for the gating shift in normal
physiological saline is roughly 5-fold lower than the K
for block (Fig. 4), as well as the observation that the K
for the gating shift is unaffected by changes of [K'],
compels the suggestion that the blocking and gate-
shifting sites are separate. Indeed, the expression in some
Kv channels of only the gate-shifting site might account
for examples where a substantial gating shift (produced
by Zn** concentrations too low to be explained by fixed
surface charge screening) occurs with little evidence of
block (Arhem, 1980; Gilly & Armstrong, 1982; Poling et al.
1996). Conversely, the expression of only the blocking site
might explain the occurrences of substantial Zn*" block
with little or no gating shift (Poling et al. 1996; Paquette
et al. 1998). A simpler model in which the block and the
gating shift are produced by the occupation of a single
site, possibly in the channel pore, as has been proposed to
account for the effects of Ca** on voltage-gated Na*
channels of the squid giant axon (Armstrong, 1999), is
difficult to reconcile with the K¥ dependence of the block
and the K¥ independence of the gating shift.
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